Deleterious mutations accumulating on non-recombining Y chromosomes can drive XY to XY turnovers, but are thought to prevent XY to ZW turnovers, because the latter require fixation of the ancestral Y. Using individual-based simulations, we explored whether and how a dominant W allele can spread in a young XY system that gradually accumulates deleterious mutations. We also investigated how sexually antagonistic (SA) polymorphism on the ancestral sex chromosomes, and the mechanism controlling X-Y recombination suppression affect these transitions. In contrast with XY to XY turnovers, XY to ZW turnovers cannot be favored by Y chromosome mutation load. If the arrest of X-Y recombination depends on genotypic sex, transitions are strongly hindered by deleterious mutations, and totally suppressed by very small SA cost, because deleterious mutations and female-detrimental SA alleles would have to fix with the Y. If, however, the arrest of X-Y recombination depends on phenotypic sex, X and Y recombine in XY ZW females, allowing for the purge of Y-linked deleterious mutations and loss of the SA polymorphism, causing XY to ZW turnovers to occur at a neutral rate. We generalize our results to other types of turnovers (e.g., triggered by non-dominant sex-determining mutations) and discuss their empirical relevance.
Introduction

1
Several lineages of plants and animals (including birds, mammals, and Drosophila) present highly diffe-that override the action of the resident sex-determining gene), are more likely to occur than substitutions at 23 neutral autosomal loci, and turnovers that induce a change in the heterogamety pattern (e.g., transition from 24 an XY system to a ZW system) tend to become more likely as effective population size (N e ) decreases (Vel- linkage with a SA allele beneficial for the sex determined by that mutation (e.g., mutant male determiner in 32 close linkage with a male beneficial allele), that newly arisen determiner will have a selective advantage, as 33 the male beneficial -female detrimental allele will be more likely to be inherited by sons than daughters.
34
SA selection was shown to be able to facilitate both transitions that maintain the heterogamety pattern, and This latter mechanism has been suggested to hinder XY to ZW transitions, because the ancestral Y fixes 42 as an autosome once the transition is over, which is obviously detrimental if it is loaded with deleterious 43 mutations (Blaser et al. 2013 (Blaser et al. , 2014 . However, theoretical evidence has been provided only for cases where 44 deleterious mutations have a strong negative effect on fitness, and are completely recessive (van Doorn and 45 Kirkpatrick, 2010 ; Veller et al., 2017) . While this situation is well suited to account for systems in which 46 the degeneration of the Y has advanced to the point where YY individuals bear large fitness costs, it is less 47 applicable to young sex chromosome systems which have had less time to accumulate deleterious mutations.
48
In this paper, we model the evolution of young non-recombining sex chromosomes (XY), which gradually 49 accumulate deleterious mutations and carry a SA locus. We use individual-based simulations to explore 50 quantitatively whether and how different values of h, s and N e effectively prevent XY to ZW turnovers.
51
Additionally, we explore whether and how this outcome depends on the mechanism arresting recombi-52 nation between the sex chromosomes. This arrest can result from a sex-specific recombination suppression s. Deleterious mutations affect the mutation load component of fitness (w ML ) which is assumed to be :
where n hom and n het are, respectively, the number of loci homozygous and heterozygous for a deleterious 85 mutation.
86
SA selection. In some of our simulations, the sex chromosome pair carries a bi-allelic sexually antago-87 nistic locus (e.g., a coloration gene), inserted between the sex-determining locus and one of the two adjacent 88 loci subject to deleterious mutation (genetic distance : 10cM, fig. S1 ). The two alleles are a male beneficial
89
-female detrimental allele (a m ), and a female beneficial -male detrimental allele (a f ). Haldane's mapping function (Haldane, 1919) :
In individuals in which recombination is not allowed, r = 0.
106
Simulations
107
Individual-based simulations were run with quantiNemo 2 (Neuenschwander et al., 2018). Unless men-
108
tioned otherwise, all simulations were run for 10 5 generations with effective population size set to N e = 10 3 .
109
At each generation (non-overlapping), gametes were drawn with a probability proportional to individual 110 fitness W, and gametes were paired randomly (one male and one female) to constitute the N e indivi- 
119
In a single run, h and s were the same for all loci. In a similar manner to Blaser et al. (2013), we assessed,
120
for each combination of parameters, the proportion of simulations in which a transition had occurred at the 121 end of the 10 5 generations (across 100 replicates). We also assessed the mean time to transition, which is 122 the sum of the waiting time until a mutation F appears and time for its "fixation" (because the mutation 123 rate was chosen arbitrarily, we were interested in relative time to turnover, rather than its absolute value).
124
In a second set of simulations, we changed the effective population size to N e = 10 2 and 10 4 , in order to Broadening the values for c showed that, as expected, turnover probability gradually decreases with the this suggests that a transition from male to female heterogamety can actually be favored by mutation-load 313 selection, but only if driven by a non-dominant male-determining mutation. Conversely, a transition that 314 maintains the pattern of heterogamety can be driven by the spread of a "mildly feminizing determining 315 13 allele" F in an originally male-heterogametic system (i.e., from XX ff /XY ff to YY FF/YY fF ; cases 3B1 316 and 3B2 in Bull and Charnov, 1977) . Throughout these turnovers, XY females are produced, causing the 317 ancestral Y to be purged from deleterious mutations before it goes to fixation as an autosome. Such an
318
XY to XY turnover would not be favored (but not prevented either) by mutation-load selection. Therefore,
319
the dominance relationship between sex-determining factors is also a parameter to be taken into account 320 when considering the impact on sex chromosome turnovers of deleterious mutations, SA polymorphism,
321
and mode of recombination suppression.
322
A major finding of our study is that the mode of recombination suppression can have a crucial impact 
